The ribosome is a complex nanomachine that contains many discrete functional centers. The small subunit contains the mRNA decoding center, and the large subunit harbors the catalytic (peptidyltransferase) center, three tRNA binding pockets, and a factor binding region. Together, these subunits interact to coordinate a complex series of events resulting in the processive synthesis of polypeptides. The question of how spatially separated functional regions communicate their status to one another in a coordinated fashion remains one of the central unanswered questions in the field. Although the eukaryotic ribosome contains approximately 80 proteins, it is the rRNAs that truly determine the core functions of this machine. For example, its central catalytic activity, peptidyltransfer, is mediated entirely by rRNA. Likewise, the substructures involved in the selection of cognate aminoacyl-tRNAs (aatRNAs) at the decoding center, and the bulk movement of tRNAs and mRNAs through the ribosome are mostly formed by rRNA-based structures.
Although rRNAs comprise the heart of the ribosome, their molecular genetic manipulation has been much more challenging than for the ribosomal proteins. The major impediment to this line of research stems from the fact that rRNA genes have been amplified in all genomes. In Escherichia coli, strains exist in which all of the rRNA operons have been deleted, making such investigations possible in this model prokaryotic organism. It is also desirable to be able to perform similar studies with eukaryotic ribosomes. The simplest, most advanced eukaryotic model organism is the yeast Saccharomyces cerevisiae. In yeast, chromosome XII contains 100 to 200 tandemly arrayed copies of the RDN1 gene. RDN1 is an operon that contains RNA polymerase I transcribed 35S pre-mRNA, which is processed into 25S, 18S, and 5.8S rRNAs, plus RNA polymerase III transcribed gene encoding 5S rRNA. In yeast, two basic approaches have been used to address the problem of rRNA molecular genetics. One relies on coupling temperature-sensitive alleles of RNA polymerase I with a clone in which the 35S pre-rRNA is transcribed from a galactose-inducible RNA polymerase II-dependent promoter (20, 21) . In theory, this approach should allow transcriptional shut off of wild-type rRNAs while inducing the synthesis of desired mutants. A parallel approach takes advantage of the observation that hygromycin can be used to select for cells that have spontaneously deleted the chromosomal RDN1 locus in favor of a plasmid-borne mutant encoding resistance to this translational inhibitor (38) . The latest variations of these strains are called "rdn1⌬⌬" (22, 40) .
In theory, these two platforms should simplify molecular genetic analyses of the rRNAs. As witnessed by the paucity of publications describing yeast rRNA mutants over the intervening years, it is clear that something has been missing. From experience gained in our laboratory and from informal sharing of information with other researchers, it became apparent that genes expressing mutant rRNA transcripts are heavily selected against. The result is that, during the time required for auxotrophic selection for the plasmids harboring the mutant ribosomal DNA (rDNA) genes, there is strong selection against mutant rRNAs expressed from them. This places extremely strong pressure for selection of recombinant plasmids expressing both the selectable auxotrophic marker and the wild-type rRNAs. As described here, the solution to this problem is to transcriptionally silence the mutant rDNA genes during the period required for establishment of the plasmid harboring them. Only after plasmid establishment is transcription of the mutant activated and, simultaneously, transcription of the wild type is turned off. When expression of the mutant is simultaneously coupled with selection for hygromycin resistance, it is possible to establish yeast cell lines expressing only mutant rRNAs.
Here, this approach was used to generate and characterize the effects of targeted mutations in helix 38 of yeast 25S rRNA. Two specific regions of this structure were chosen for mutagenesis based on (i) known interactions with the D-loop of aatRNA and (ii) involvement in forming the B1a intersubunit bridge with ribosomal protein S13 in E. coli (S15 in yeast) (43) . A series of viable alleles expressing only mutant rRNAs were constructed and characterized both at the biochemical and functional genetic levels. Both classes of mutants promoted approximately twofold increases in ribosomal affinities for aatRNAs and subtle, nucleotide-specific alterations in 25S rRNA structure. At the functional level, however, the two mutants showed differences. Single point mutants in the aa-tRNA Dloop interacting region promoted distinct temperature-sensitive phenotypes, simultaneous hypersensitivity to anisomycin, resistance to paromomycin, and decreased rates of nonsense suppression. In contrast, only a triple-base mutant in the B1a bridge-forming region promoted discernible phenotypes. These characteristics were very different from those of the first class and included simultaneous resistance to both anisomycin and paromomycin, and increased rates of nonsense codon suppression. rRNA structural analyses examining in-line cleavage patterns showed that these functionally subtle mutants produced equally subtle changes in the flexibility of unpaired or "hinge" bases in 25S rRNA. Interestingly, although deprotection of hinge bases proximal to the sites of the mutations was similar for the two mutants, the mutations differentially affected 25S rRNA structure more distally. Specifically, the tRNA D-loop-interacting mutant appeared to increase rRNA flexibility in the direction of the GTPase-associated center, while the mutant in the B1a bridge-forming mutant altered rRNA structure along the A-site proximal side of the peptidyltransferase center. These studies implicate the tip of helix 38 as contributing to the ribosome's ability to distinguish between aa-tRNA and eRF1. They also highlight distinct functional differences between two spatially close regions of helix 38 and open the door to more detailed genetic and biochemical analyses aimed to help link rRNA sequence and structure with specific functions.
MATERIALS AND METHODS
Strains, media, reagents, and molecular methods. E. coli strain DH5␣ was used to amplify plasmids. Yeast media and 4.7 MB plates were prepared as described previously (42) ; galactose media contained 2% galactose instead of glucose. Drug concentrations were as follows: doxycycline, 10 g/ml; hygromycin B, 300 g/ml; and anisomycin, 20 g/ml. Yeast strain NOY1049 (MATa ade2-1 ura3-1 trp1-1 his3-11 leu2-3,112 can1-100 ⌬rDNA::his3::hisG pNOY353 (GAL7-35S rDNA, 5S rDNA, TRP1 2m amp), was kindly provided by M. Nomura (40) . The yeast killer virus [L-A HN M 1 ] was introduced into NOY1049 by cytoplasmic mixing (9) from JD759 (MAT␣ kar1-1 arg1 thr1 [L-A HN M 1 ]). Briefly, NOY1049 and JD759 cells were mixed in a ratio of approximately 1:20 on rich galactose medium and then incubated overnight at 30°C. Cells were subsequently streaked for single colonies on galactose-containing H-Arg medium and grown for 5 days at 30°C to eliminate the donor strain, i.e., JD759. Diploid cells were identified by their ability to grow on minimal medium. Colonies of NOY1049-derived cells containing the killer virus were identified by their ability to inhibit growth of a nonkiller diploid indicator strain on 4.7 MB plates containing 2% galactose as previously described (7 Plasmid construction. The yeast high-copy-number vector pRS426 (2) was used to provide the backbone for construction of the tetracycline-controllable rRNA expression plasmid pJD694. First, a second ClaI restriction site was introduced into pRS426 after the URA3 terminator at position 1321 by oligonucleotide site-directed mutagenesis. The resulting plasmid was digested with ClaI and then religated to remove the f1 ori-containing sequences. In order to reduce the likelihood of recombination of large plasmids during passage through E. coli during subsequent genetic engineering manipulations, the MB1 replicon was replaced with the low-copy-number replication origin from pBR322. To this end, a PCR fragment containing both the pMB1 and the rop gene (which reduces plasmid copy numbers in E. coli) was amplified from pBR322, digested with BsaB1/BtsI, and cloned into yeast vector at SmaI/BtsI restriction sites. Next, a TET cassette with two tetO repeats derived from pCM188 (10) was subcloned into the EcoRI/HindIII-digested vector backbone. For the next step, a 525-bp HindIII tailed PCR product containing the RDN5 gene amplified from pJD180 (31) was cloned into the HindIII site of the plasmid. The resulting plasmid (pJD690) served as an empty vector control. A 6,948-bp DNA fragment encoding the primary 35S rRNA transcript (from the transcription start at ϩ1 to the enhancer region at ϩ6922 [21] ) and which contained flanking NotI and BamHI restriction sites was synthesized by PCR from pJD180. This product was cloned into NotI/BamHI-digested pJD690 downstream of the TET cassette and in the opposite transcriptional orientation relative to RDN5. The resulting plasmid was designated pJD692. A base substitution in RDN18 promoting hygromycin resistance (37) was introduced into pJD692 by site-directed mutagenesis to make the final construct, pJD694. This is also referred to as pTET. The RDN5 and 35S rDNA regions were confirmed by DNA sequencing. The complete sequence of pJD694 is available upon request. Subsequent mutations in rDNA encoding regions of pJD694 were introduced by oligonucleotide site-directed mutagenesis, and all mutations were confirmed by sequencing.
Yeast genetic manipulations. Transformations of yeast strain JD1314 were performed according to an alkaline cation protocol (16) . Yeast cells were grown at 30°C unless otherwise indicated. Transformants were selected after 7 days of growth on galactose-containing ϪTrp ϪUra medium with doxycycline (gal ϪTrp ϪUra ϩDox). Colonies were then streaked on gal ϪTrp ϪUra ϩDox plates and incubated for 2 days. Under these conditions, only wild-type rRNA transcribed from the GAL7 promoter was expressed, allowing establishment of the pJD694-based plasmids while silencing transcription of mutant rRNAs. Cells were then replica plated on YPAD medium to turn off transcription of the wild-type 35S rRNA from the pGAL plasmid and to turn on transcription of mutant 35S rRNAs from the pJD694-based plasmids. Colonies were simultaneously replica plated onto control plates: YPAGal, YPAGalϩDox, and YPADϩDox. On the following day, colonies were again replica plated on the same media and incubated for 2 days, thus eliminating residual growth of cells caused by wild-type ribosomes during the transition of rRNA transcription from GAL-regulated to TET-regulated promoters. Yeast cells growing on YPAD medium were then replica plated onto YPAD medium supplemented with hygromycin B (YPADϩHyg) and grown for 2 days. This step was to select for a pure population of yeast expressing rRNA from the pJD694-based plasmids while simultaneously selecting against cells containing wild-type rRNA, which could either remain after switching rRNA expression templates and/or be caused by leaky expression from the GAL7 promoter. These growth conditions also select only for maintenance of the pJD694-based plasmids and encourage the spontaneous loss of pNOY353. Cells were subsequently passaged three more times on YPADϩHyg and streaked for single colonies on the same medium to ensure elimination of pNOY353. After 7 days, colonies were replica plated onto YPAGalϩDox, Gal ϪTrp ϪUra ϩDox, or YPAD medium. After 2 days, clones that grew on YPAD plates but not on galactose-containing media were inoculated into 3 ml of liquid YPAD and cultured in a shaking incubator for 24 h. Subsequently, 2.5 l of saturated yeast suspension was spotted onto either YPAGal, YPAGalϩDox, YPAD, or YPADϩDox medium and grown for 2 days to assess the efficiency and/or quality of pGAL plasmid elimination. Pure cultures of cells that were viable in YPAD but not in both YPAGalϩDox and YPADϩDox were used for VOL. 26, 2006 INFORMATION FLOW THROUGH THE RIBOSOME 8993 subsequent genetic assays and isolation of total RNA. Aliquots of these cells were frozen at Ϫ80°C as a glycerol stock. Genetic assays. Genetic assays were performed with selected clones containing the pJD694-based plasmids as sole sources of rDNA. Overnight cultures of yeast were used for subsequent genetic assays. General growth defects were monitored by dilution spot assay. Five sets of 10-fold dilutions were made, and 2.5 l of each suspension was spotted onto the YPAD medium to yield a range of spots from 10 5 to 10 1 CFU/spot. Plates were incubated at 20, 30, and 37°C. For drug disk assays, overnight yeast cultures were diluted to an optical density at 592 nm of 0.2, and 300-l portions of the resulting suspensions were plated onto YPAD medium. Subsequently, 10-l portions of solutions containing 2 mg of anisomycin/ml or 500 mg of paromomycin/ml were applied to 6-mm-diameter filter paper discs, and the discs were air dried and placed on a plated lawn. Plates were incubated at 30°C for 3 days, and the diameters of the growth inhibition zone were measured. A minimum of at least two independent assays were used. The ability of cells to suppress a UAA nonsense codon utilized the pYDL-UAA dual luciferase reporter constructs as previously described (13) . At least three readings were taken for each assay, and all assays were repeated (n ϭ 3 to 12) until the data were normally distributed to enable statistical analyses both within and between experiments (17) .
Polysome profiles and aa-tRNA binding assays. Lysates of cycloheximidearrested yeast cells were sedimented through 7 to 47% sucrose gradients, and polysome profiles were determined by monitoring the A 254 as previously described (27) . Yeast phenylalanyl-tRNA was purchased from Sigma (St. Louis, MO), charged with [
14 C]Phe, and purified by high-pressure liquid chromatography as previously described (18) . Ribosomes were isolated from isogenic wildtype and mutant cells, and aa-tRNA binding studies were carried out as previously described (18 Comparison of the results generated from both tests revealed that the second test provided the best fit to the equilibrium binding curves. Thus, the data generated using the second model (binding with ligand depletion and nonspecific binding) are reported in the Results.
Chemical protection and rRNA in-line cleavage analyses. Chemical probing with dimethyl sulfate (DMS), kethoxal, and carbodiimide metho-p-toluenesulfonate (CMCT), followed by reverse transcriptase primer extension analyses of modified rRNAs, was performed as previously described (33) , with the modification that reactions were performed at 30°C instead of 37°C. The following primers were used: H38 (5Ј-GCTCTTCATTCAAATGTCCACG-3Ј), 25-2 (5Ј-GACTTCCATGGCCACCG-3Ј), 25-4 (5Ј-TAAAGGATCGATAGGCC-3Ј), 25-6 (5Ј-AACCTGTCTCACGACGG-3Ј), 25-7 (5Ј-CCTGATCAGACAGCCG C-3Ј), and A108 (5Ј-AGATTGCAGCACC-3Ј). Primer extensions from H38 covered helix 38, primer 25-2 covered bases from helices 39 to 42, primer 25-4 allowed analyses spanning helices 83 to 87, primer 25-6 covered helices 89 to 93, primer 25-7 covered bases from helices 93 to 95 of 25S rRNA, and primer A108 from 5S rRNA. For rRNA in-line cleavage assays, 150 pmol of ribosomes was incubated at 30°C in 400 l of 50 mM Tris (pH 7.4), 5 mM Mg(CH 3 COO) 2 , and 50 mM NH 4 Cl. At time points of 0, 3, 6, and 12 h, 100-l aliquots of ribosome suspensions were removed, and rRNAs were phenol extracted and used for reverse transcriptase primer extension with the H38 DNA primer. Aliquots of the reactions were separated through 8% sequencing gels and imaged by using a Molecular Imager FX (Bio-Rad).
RESULTS
Development of a method to produce yeast strains with ribosomes containing only mutant rRNAs. As discussed above, auxotrophic selection for a gene expressed from a plasmid concurrently transcribing mutant rRNAs confers strong pressure for selection of recombinant wild-type rDNA sequences derived from the original rRNA maintenance plasmid into the vector harboring the desired auxotrophic marker. The solution to this problem was to separate the processes of auxotrophic selection from rRNA transcription. To this end, two sets of plasmid constructs were used. In pNOY353 (pGAL), 35S rRNA transcription is under control of the GAL7 promoter, i.e., transcription can be induced in the presence of galactose, and repressed by glucose. In the pJD694-based plasmids (pTET), 35S rRNA transcription is under the control of a tetracycline-repressible promoter (Tet r ). Thus, transcription of rRNAs can only occur in the absence of this drug. In addition, a mutation was introduced into a pJD694-based plasmid that confers recessive resistance to hygromycin (Hyg r ). This mutation is useful for further driving selection against the presence of the wild-type 18S rRNA if so desired.
The genetic scheme is diagrammed in Fig. 1 . Beginning with rdn1⌬⌬ cells growing in galactose-containing medium expressing wild-type rRNAs from the galactose-inducible promoter on a high-copy TRP1 selectable plasmid (pNOY353/pGAL), cells are transformed with plasmid harboring mutant rDNA genes under control of the Tet r promoter on a high-copy URA3 selectable plasmid (pJD694/pTET), and transformants are selected for on medium lacking uracil and containing galactose and doxycycline (a stable tetracycline analog). This selects for the establishment and maintenance of the URA3-based pTET but prevents simultaneous selection against the 35S mutant allele that it contains. Once colonies have grown, these are transferred to rich medium (YPAD) containing glucose instead of galactose, conditions that allow transcription of the mutant 35S rRNA while shutting off transcription of the wildtype gene. In a third step, cells were replica plated onto rich glucose medium with hygromycin to further drive selection against remaining wild-type ribosomes and/or leaky expression of wild-type 35S transcripts. This protocol yielded colonies that were unable to grow in the presence of doxycycline, resistant to hygromycin, and viable with glucose as the sole carbon source. These results provided the initial proof of principle of the utility of the genetic manipulation strategy. pJD694 was used for subsequent oligonucleotide site-directed mutagenesis to create alleles containing mutations at specific bases of 25S rRNA.
Generation of viable helix 38 mutants. Selection of cognate aa-tRNA, is central to translational fidelity. Helix 38 is also known as the A-site finger because of its proximity to the ribosomal A-site, the pocket in the ribosome that is occupied by aa-tRNA during catalysis. The tip of the A-site finger also contacts a ribosomal protein in the small subunit (S13 in E. coli, S15 in yeast) to form the B1a intersubunit bridge (5). The C-terminal tail of S13 extends away from this bridge and inserts itself between the anticodon loops of the A-and P-site tRNAs at the decoding center (39) . In light of this information, bases of helix 38 that make contacts with the D-loop of the aa-tRNA (Fig. 2, G1019 to G1021, highlighted in cyan), and those involved in the B1a intersubunit bridge (Fig. 2, A1025 through A1027, highlighted in green) were chosen for mutagenesis studies. All three possible substitutions were made for each of the six targeted bases. pJD694-derived plasmids were introduced into yeast, and cells were taken through the selection protocol described in Materials and Methods. An example of this using the A1026C allele is shown in Fig. 3a . Note that FIG. 1. (a) High-copy plasmids for episomal expression of rRNAs in rdn1⌬⌬ cells. In the TRP1-selectable pGAL series, transcription of 35S pre-rRNA is driven from the GAL7 promoter, and transcription termination is effected by sequences in the GAL7 3Ј untranslated region. In the URA3-selectable pTET series, transcription is controlled by a tetracycline-repressible promoter and transcription termination is mediated by sequences in the CYC1 3Ј untranslated region. A mutation in 18S rRNA conferring recessive hygromycin resistance was added to enable selection for rRNAs produced from this plasmid. Mutations of interest are incorporated into rDNA sequences by oligonucleotide site-directed mutagenesis. (b) Three-step protocol for selection of cells expressing only mutant forms of rRNAs.
Step 1 selects for the transformation of pGAL containing cells with pTET plasmid, while repressing expression of mutant rRNA species. During step 2, transcription of wild-type rRNA from pGAL is repressed, and transcription of mutant rRNA is derepressed. This step enables spontaneous loss of the pGAL.
Step 3 is used to select against any wild-type rRNAs that may have resulted from recombination between the two plasmids or from leaky expression from pGAL or survived through multiple cell generations. when cells capable of growth in glucose were replicated onto the hygromycin-containing set of media, only the hygromycinresistant mutants were able to grow, and only when glucose was used as the carbon source and when transcription was derepressed in the absence of doxycycline. All of the mutants were viable, and direct sequence analysis of cellular rRNAs by reverse transcriptase extension of 32 P-labeled DNA primers revealed that only the mutant rRNAs were expressed. An example of this is shown for the A1026C mutant in the left panel of Fig. 3b . Identical results were obtained from sequence analysis of PCR products generated from rRNAs extracted from cells (Fig. 3b, right panel) .
The B1a and tRNA D-loop interacting mutants display distinctly different arrays of phenotypes. Preliminary characterization of the mutants revealed that all were remarkably healthy relative to isogenic wild-type cells. However, a mutant containing a duplication of approximately half of the A-site finger that was inadvertently generated during the mutagenesis process was inviable (data not shown), suggesting that largescale insertions into this structure were able to significantly disrupt ribosomal function. Follow-up genetic analyses of viable alleles included assaying for heat and cold sensitivity; hypersensitivity to translational inhibitors known to interact with aa-tRNAs (anisomycin and paromomycin); suppression of near-cognate, noncognate, and nonsense mutations; and loss of the killer virus phenotype. Surprisingly, all single nucleotide substitutions involved in the B1a bridge (A1025 through A1027) were viable and showed no apparent phenotypes (data not shown). This observation prompted us to create a triple mutant, changing this stretch of three A's to CCC [mutant AAA(B1a)CCC]. Whereas the AAA(B1a)CCC allele did not affect cell growth at 30°C, it did result in reduced growth rates at 37°C relative to wild-type cells (Fig. 4a) . This mutation also promoted simultaneous resistance to paromomycin and anisomycin, as scored by reductions in the sizes diameters of zones of growth inhibition surrounding filter discs containing these two drugs (Fig. 4b) . A bicistronic dual luciferase reporter system was also used to monitor the effects of the AAA(B1a)CCC allele on recognition of a termination codon (nonsense sup- (14) . Rates of nonsense suppression in isogenic control wild-type cells were 2.43% Ϯ 0.11%. The efficiency of nonsense suppression promoted by AAA(B1a)CCC allele was 4.01% Ϯ 0.31%. Statistical analyses of the ratiometric data generated by these experiments (17) demonstrated that this (1.65 Ϯ 0.05)-fold increase was highly significant (P Ͻ 0.01). None of the mutants in this region affected maintenance of the yeast killer virus (data not shown). All of the single base substitutions in the tRNA D-loop interacting region (G1019 to G1021) were also viable. In contrast to the B1a region alleles, these mutants displayed a wider range of mutant phenotypes. Although none of these mutants displayed discernible growth-related phenotypes compared to isogenic wild-type control cells at 30°C, the G1020C, G1021C, and G1021U alleles grew more poorly at 37°C than wild-type cells (Fig. 4a) . Interestingly, the mutants of the G1019 to G1021 series tended to display proportionally opposing phenotypes with regard to growth in the presence of anisomycin or paromomycin. In general, the degree of paromomycin resistance was matched by sensitivity to anisomycin (Fig. 4b) . The most extreme example of this was observed with the G1020C allele, conferring the highest sensitivity to anisomycin and the greatest resistance to paromomycin. Since the G1020C allele produced the most pronounced phenotypes upon cells, this was chosen for more quantitative nonsense suppression measurements as described above. These studies determined that, in contrast to AAA(B1a)CCC, G1020C was hyperaccurate with regard to its ability to correctly recognize a nonsense codon, promoting 1.49% Ϯ 0.11% nonsense suppression [(0.61 Ϯ 0.02)-fold of the wild type, P Ͻ 0.01]. Similar to the AAA(B1a)CCC allele, none of the G1019 to G1021 mutants affected killer virus maintenance, suggesting that they did not affect maintenance of translational reading frame (data not shown).
Both the AAA(B1a)CCC and G1020C alleles result in increased ribosomal affinity for aa-tRNAs. Given the physical interactions between the A-site and helix 38 and the effects of the two classes of mutants on translational fidelity, it was reasonable to hypothesize that ribosomes harboring these mutants may have altered affinities for aa-tRNAs. To test this, aa-tRNA binding to the ribosomal A-site was determined for purified wild-type ribosomes and for those containing the AAA(B1a)CCC and G1020C mutations. Care was taken to block nonspecific binding of [ 14 C]Phe-tRNA to ribosomal Eand P-sites by preincubating ribosomes with uncharged tRNAs. The results of these experiments demonstrate that the K d values for wild-type, G1020C, and AAA(B1a)CCC ribosomes were 20.2 Ϯ 2.6, 12.6 Ϯ 1.5, and 13.36 Ϯ 1.4 nM, respectively (Fig. 5) . Polysome profiles revealed no significant differences between the wild type and the two mutants (data not shown).
rRNA structure analyses. Initial inspection of reverse transcriptase sequencing reactions showed that mutations of any of the three A residues in the B1a region at the tip of helix 38 promoted strong barriers to progression of the reverse transcriptase through this sequence compared to the wild type. Examples of these are shown in Fig. 6a . Such patterns are typical of "in-line" cleavage, where disordering of normally structured RNA increases the frequency of spontaneous cleavage of an RNA phosphodiester linkage via an internal nucleophilic attack by the 2Ј oxygen on the adjacent phosphorous center (32) . These results suggest that the tip of helix 38 is normally highly structured inside of the ribosome, i.e., when participating in the B1a bridge, and that this is disrupted by the FIG. 5. aa-tRNA binding studies. aa-tRNA binding to A-site of ribosome was carried out in 100-l reaction mixtures containing 25 pmol of ribosomes primed with 25 g of poly(U). Reaction mixtures were preincubated with 10 g of uncharged tRNAs at 30°C for 30 min to ensure full occupation of P-sites by uncharged tRNA, after which increasing amounts of (1 to 128 pmol) of [
14 C]Phe-tRNA were added. Incubations continued for 10 min at 30°C to allow the formation of [
14 C]Phe-tRNA · 80S · poly(U) complexes. Reaction mixtures were applied onto nitrocellulose membranes, filters were washed with binding buffer, and radioactivity was measured by scintillation counting. Binding isotherms were fitted to the data (a) and K d values (b) were calculated by using GraphPad Prism 4 as described in Materials and Methods.
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on March 1, 2013 by PENN STATE UNIV http://mcb.asm.org/ mutations. Similarly, a strong stop at G1020 was observed for the G1020C mutant independent of the presence or absence of chemical probes and, to a lesser extent, with AAA(B1a)CCC (Fig. 6b) . This was expected for the G1020C mutant insofar as such a change should disrupt base pairing, increasing the probability of in-line cleavage. That this pattern was also observed for the AAA(B1a)CCC mutant suggests that the effect of the structural change at the tip of helix 38 is propagated up into the body of the helix itself.
Chemical probing experiments also revealed that the two mutants promoted numerous changes in rRNA structure at the tip of helix 38 (Fig. 6b) . As expected, the G residue at position 1021 in the G1020C mutant showed increased kethoxal-specific deprotection (Fig. 6b, asterisk) . Also as anticipated, the wildtype AAA sequence (bases 1025 to 1027) reacted strongly with DMS, G1024 reacted with kethoxal, and U1028 reacted with CMCT. The same pattern was observed for G1020C, suggesting that this mutation does not affect the structure of the tip of helix 38. In contrast, strong stops observed at positions 1028 and 1027 in untreated rRNA extracted from the AAA(B1a)CCC mutant support the hypothesis that an ordered structure normally present in this loop had been disrupted. More-distant base-specific changes in 25S rRNA consistent with in-line cleavage were also identified. The normally unpaired bases U939, A951, A966, and U1014 all showed increased in-line reactivity in both the G1020C and the AAA(B1a)CCC mutants, suggesting that the structural changes promoted by these mutations were propagated further along helix 38 and into nearby structures as well (Fig. 6b) .
Over the course of a large number of chemical protection and RT primer experiments, we observed that the intensity of the bands at these sites increased in proportion with both of the ages of the ribosome preparations, i.e., weaker banding patterns were observed with freshly prepared ribosomes versus samples that had been stored at Ϫ80°C. These observations are consistent with the hypothesis that the mutants were affecting the in-line cleavage of specific unpaired bases in helix 38. To further investigate the in-line cleavage effect, a series of time course experiments were performed with untreated ribosomes. Equal amounts of freshly prepared ribosomes purified from isogenic wild-type and mutant cells were incubated at 30°C in buffer without chemical modifying agents for 0, 3, 6, and 12 h, after which rRNAs were extracted and used for reverse transcriptase primer extension using the H38 DNA primer. The results of this experiment are shown in Fig. 6c . Examination of the nonspecific bands in the lower portion of the figure shows that all samples contained equal amounts of rRNA. The remainder of the figure reveals base-specific increases or decreases in sensitivity to self-cleavage over time as at the same positions observed in the untreated, single-time-point samples shown in Fig. 6b . These results are consistent with the hypothesis that the G1020C and AAA(B1a)CCC mutants were exerting subtle, long-range effects on the structure of helix 38. Increased mutant specific in-line reactivities were also observed more distal to the sites of the mutations. The G1020C allele affected the stability of G1178, which is located in a bend of helix 41 (Fig. 6d) . Increased in-line in AAA(B1a)CCC specific reactivity was also observed in helix 91 along the A-site proximal side of the peptidyltransferase center at bases A2886 and A2899 (Fig. 6e) .
DISCUSSION
Robust system for rRNA structure-function studies in a model eukaryotic organism. The atomic resolution pictures of ribosomes have driven home the point that rRNAs are the central players in this molecular machine. Unfortunately, the presence in genomes of multiple copies of rRNA encoding genes has complicated structure-function analyses of these molecules. rDNA gene amplification and the evolution of specialized RNA polymerases for rRNA transcription in eukaryotes is likely due to the fact that growing cells require large amounts of ribosomes (41) . Although attempts to address this problem in a model eukaryotic system go back over 15 years, only a limited number of yeast mutants were originally identified, and no new ones have been generated for a decade. The problem of making yeast rRNA mutants has now been solved by separating selection for auxotrophic markers on plasmid vectors from selection for or against the rRNA transcripts encoded by genes into which they are cloned. The genetic system presented here is theoretically applicable to the any base in any of the four rRNAs, providing the tools to enable higher-resolution structure-function studies in this model eukaryote. As with all yeast mutants, however, a certain degree of recombination and/or reversion was observed to have occurred during the time when cells contained two plasmids, resulting in ϳ10% of colonies containing only wild-type ribosomes. Thus, care must be taken to initially sequence a few samples of ribosomes extracted from cells derived from single colonies. However, once established, these alleles were as genetically stable as any other yeast mutants (i.e., spontaneous revertants and probable second-site suppressors were observed with normal frequencies). Second, at an observational level we noted that isogenic rdn1⌬⌬ cells in which 35S rRNAs are transcribed from either pGAL or pTET tend to grow more slowly than cells in which 35S rRNAs are transcribed from the native promoter. This could be due to limiting quantities of RNA polymerase II, differences in relative promoter strengths, or differences in chromatin structure affecting rRNA transcription rates. Experiments are ongoing to investigate this phenomenon and to generate a more robust system for producing yeast cells that express only mutant forms of 25S rRNA.
Helix 38 structure-function analyses. Studies in E. coli have examined both components of the B1a bridge. Deletion of the C-terminal tail of the small subunit partner S13 was viable, although cell doubling times were increased ϳ2-fold, and in vitro studies showed that the P-site of this mutant had decreased affinity for tRNA (15) . Reconstituted ribosomes completely lacking S13 were translationally competent but were refractive to thiol-modifying reagents, suggesting that S13 is involved in controlling EF-G-independent features of translocation (4) . A follow-up study using S13-deficient E. coli revealed roles for this protein in subunit association, formation of translation initiation complexes, factor-dependent translocation, reading frame maintenance, and termination codon recognition (3) . A complementary study focusing on the other side of the B1a bridge in E. coli showed that deletion of approximately one-third of the distal tip of helix 38 yielded ribosomes that were viable, and genetic analyses of this mutant revealed no significant functional differences in any of the basic steps of the elongation cycle (30) . However, a small decrease in EF-G-stimulated GTPase activity was observed, and chemical probing experiments revealed changes in bases of 5S rRNA and in the large subunit rRNA located between the peptidyltransferase center and the elongation factor binding site. All of these findings support the hypothesis that this structure may be involved in the fine tuning of ribosomal activity (3) and that the B1a bridge may function as part of an allosteric communication pathway between the large and small subunits (30) .
Although spatially close to one another, the two stretches of three nucleotides examined in the present study interact with different structures in the ribosome. This is reflected by both similarities and differences in their functional phenotypes. For example, neither class of mutants affected the ability of cells to maintain the yeast killer virus (a proxy monitor for changes in translational reading frame maintenance [see reference 7] ). These observations are consistent with the E. coli helix 38 deletion studies, suggesting that this structure does not play a major role in elongation (30) . However, the two classes of mutants examined in the present study did affect other aspects of translation, in some cases to similar extents, but dissimilarly in others. For example, heat sensitivity is suggestive of destabilization of intra-and/or intermolecular interactions, which is consistent with the observed frequencies of in-line cleavage of specific unpaired bases. The drug sensitivity and nonsense suppression assays were particularly interesting in that they yielded dissimilar and novel phenotypes. Anisomycin is known to promote decreased affinity for aa-tRNA by competing for their mutual binding site in the peptidyltransferase center (11, 12) . Conversely, paromomycin can suppress nonsense mutations by increasing the affinity of noncognate aa-tRNAs termination codons in the decoding center (reviewed in reference 24). That both mutants were resistant to paromomycin but had opposite phenotypes in response to anisomycin suggests subtle, but differing functions of these two regions of the A-site finger in translational fidelity. That their effects on aa-tRNA affinity are similar may reflect cumulative effects on this function of the ribosome. However, aa-tRNAs interact with many different parts of the ribosome, suggesting that the changes in the quality of the interactions between the ribosome and aa-tRNA interactions may be more important than quantitative changes. The opposing effects of the mutants on the suppression of a VOL. 26, 2006 INFORMATION FLOW THROUGH THE RIBOSOME 8999
on March 1, 2013 by PENN STATE UNIV http://mcb.asm.org/ nonsense codon are particularly informative. Like the S13 deletion studies (3), these findings implicate this region of helix 38 in factor-dependent ribosome function, i.e., eRF1/eRF3-mediated translation termination. Interestingly, although both the B1a bridge and G1020 may function as sensors of the A-site, they may differ in their specificity with regard to whether the A-site is occupied by aa-tRNA or eRF1. The in-line cleavage pattern of the AAA(B1a)CCC mutant showing FIG. 7 . An arc of unpaired "hinge bases" facilitate information exchange among functional centers of the ribosome. The illustration at the top of the figure is a two-dimensional map showing the regions of yeast 25S rRNA of interest. Bases boxed in green show enhanced in-line cleavage in the 25S rRNA mutants. A2819 in the core of the peptidyltransferase center is blocked in red. Helices and expansion segments are indicated. The locations of every 50th base are labeled, and every 10th base is indicated by tick marks. The arrow indicates the direction to the GTPase-associated center (GAC). The lower diagram shows the positions of bases of interest modeled onto the atomic resolution structure of the E. coli ribosome (39) . The labeling follows the conventions described in Fig. 2 . The peptidyl-tRNA (p-tRNA) is gray, aa-tRNA is orange, the helices 32, 37, 38, and 41 are red, helix 91 is blue, and the sarcin/ricin loop (SRL) is purple. Hinge bases are shown as green spheres, and A2819 is shown in red. 
